ABSTRACT: A series of step-ladder copolymers based on thiophene-phenylene-thiophene SL1-SL3 and thiophene-naphthylene-thiophene SL4 repeat units with varying lengths of the oligothiophene segment has been designed and synthesized via a microwave-assisted Stille-type cross-coupling reaction followed by a polymeranalogous cyclization reaction. The optical properties of the step-ladder copolymers have been investigated in detail, in particular at low temperature and in the solidstate. 
INTRODUCTION
Phenylene-and thiophene-based materials belong to the most extensively studied classes of conjugated molecules for use in organic electronic devices such as light-emitting diodes, 1,2 polymer lasers, 3 field-effect transistors, 4 and polymer solar cells 5, 6 Unsubstituted oligomers of a certain length are generally completely insoluble in organic solvents and require vacuum deposition. However, for large area devices, solution-processable materials are needed. 7 The introduction of solubilizing side-chains can significantly increase the solubility, and therefore the processability, but may also induce steric hindrance resulting in a mutual distortion of the building blocks of the single-stranded molecules. This distortion often reduces the p-conjugation along the backbone and changes the optical and electronic properties of the polymer. To overcome or at least minimize the problem of reduced p-interactions much effort was devoted to rigidify the backbone partially or completely by the introduction of additional interring bridges, which may furthermore bear the necessary solubilizing side-chains. 8 Because a soluble ladder-type poly(para-phenylene) (LPPP) was described in 1991 by Scherf and Mü llen 9 much effort has been devoted to the tuning of the polymers properties and processability. Various types of bridges have been realized. For example, in addition to the original methylene bridges, ethane, or carbonyl bridges have been described as well as heteroatom bridges containing nitrogen or sulfur atoms, respectively. phenylene-thiophene, and thiophene-naphthylene-thiophene-based step-ladder copolymers is described. These alternating copolymers contain a central ladder-type building block that was synthesized in a ring closure reaction similar to the LPPP synthesis that was combined with oligothiophene segments of different length (Fig. 1 ).
THIOPHENE-PHENYLENE-THIOPHENE AND THIOPHENE-NAPHTHYLENE-THIOPHENE STEP LADDER COPOLYMERS-RESULTS AND DISCUSSION
The polymeric intermediates toward the desired step-ladder copolymers SL1 and SL2, the polyketones PK1 and PK2, as shown in Scheme 1, were synthesized in a microwave-assisted Stille-type cross-coupling reaction from the terephthalophenone monomer 1 and the corresponding bis(trimethyl)stannyl oligothiophenes utilizing PdCl 2 (dppf) as catalyst. 24, 25 The resulting single-stranded polyketones PK1 and PK2 were purified by Soxhlet extraction with ethanol to remove low molecular weight fractions and yielded the polyketones in 44 and 47% yield, respectively. The next synthetic step was a polymer-analogous transformation of the keto groups into tertiary alcohols by reaction with lithium organyls (here: methyl lithium). 26 The progress of the conversion was monitored by IR-spectroscopy via the disappearance of the carbonyl band. The final Friedel-Crafts-type ring closure was achieved by addition of an excess of BF 3 ÁEt 2 O to a solution of the polyalcohol in dichloromethane. 27 This ring closure sequence allows for the introduction of a broad variety of substituents ranging from alkyl to alkylphenyl side groups via addition of different lithium organyls. To remove low molecular weight fractions all step-ladder polymers were again extracted with ethanol and subsequently precipitated into methanol to afford the step-ladder copolymers SL1 and SL2 in yields of 76 and 71%, respectively. The polymers were soluble in many Figure 1 . Structure of thiophene-phenylene-thiophene (SL1-SL3) and thiophene-naphthylene-thiophene (SL4)-based step-ladder polymers Scheme 1. Synthesis of the step-ladder copolymers SL1 and SL2 in a microwaveassisted Stille-type cross-coupling reaction and subsequent polymer-analogous cyclization.
organic solvents like toluene, chloroform or dichloromethane thus allowing a full spectroscopic characterization. GPC analysis revealed M n values of 12,000 g/mol (PD ¼ 2.0) and 16,200 g/mol (PD ¼ 2.9) for copolymers SL1 and SL2, respectively ( Table 1 ). The copolymers were fully characterized by 1 H/ 13 C-NMR spectroscopy. In the 13 C-NMR spectrum of the polyketone precursor PK1 the carbon resonance of the carbonyl group was observed at q ¼ 196.7 ppm. Upon cyclization to SL1, the disappearance of the keto resonance and the appearance of a signal at q ¼ 53.2 ppm assigned to the newly formed quarternary carbon of the methylene bridge proved the complete formation of the step-ladder structure. Similar features could be observed for the copolymers PK2/ SL2 with corresponding carbon signals at q ¼ 194.2 ppm (PK2) and q ¼ 54.1 ppm (SL2), respectively. Because of the very low solubility of unsubstituted 2,2 0 :5 0 ,2 00 :5 00 ,2 000 -quaterthiophene, generation of the appropriate distannylated derivative was unfeasible. Therefore, an alternate synthetic route towards the step-ladder copolymer bearing four thiophene rings per repeat unit was established. The synthesis of monomer 4 started from the terephthalophenone monomer 1, which was reacted with 2-(tributyl)stannyl thiophene following a microwave-assisted Stille-type coupling protocol as described previously. 28 Bromination of the monomer with NBS gave the dibromo monomer 4, 29 which was copolymerized with bis (trimethyl)stannyl bithiophene 2 to the corresponding polyketone PK3. Reduction and cyclization with (i) methyl lithium and (ii) BF 3 ÁEt 2 O, respectively, as described before yielded the stepladder copolymer SL3 (Scheme 2). 27 After Soxhlet extraction with ethanol, a GPC analysis revealed an M n of 14,200 g/mol (PD ¼ 3.1) for the copolymer SL3. The copolymer was further characterized by 1 H/ 13 C-NMR spectroscopy. For the synthesis of the thiophene-naphthylene-thiophene step ladder copolymer SL4 the naphthylene-based diketo monomer 5 30 was coupled with the distannylated bithiophene monomer 2 in a similar microwave-assisted Stille-type cross-coupling reaction (Scheme 3). 24, 25 The reaction yielded the single-stranded precursor polymer PK4, which was purified by Soxhlet extraction with ethanol to remove low molecular weight fractions (yield: 49% after precipitation into methanol). Subsequently, the polyketone was applied to the already described polymer-analogous reaction sequence including (1) reduction with methyl lithium and (2) Friedel-Crafts-type ring-closure with an excess of BF 3 (Et 2 O in dichloromethane. 27 Again, the progress of the transformation was monitored by IR and NMR spectroscopy. After a final purification of the step-ladder copolymer SL4 by Soxhlet extraction with ethanol and reprecipitation from chloroform into methanol the copolymer SL4 was afforded in a yield of 82%. An M n of 13,500 g/mol (PD ¼ 2.1) was confirmed by GPC analysis and the polymer further characterized by 1 H and 13 C-NMR spectroscopy. The UV-vis absorption spectra of the copolymers SL1, SL2 and SL3 in dilute toluene solution at room temperature are shown in Figure 2 and summarized in Table 2 . The UV-vis spectrum of SL1 shows a long wavelength absorption band peaking at 480 nm with a shoulder at 523 nm and a steep absorption edge, consistent with the presence of a weakly distorted backbone structure. The incorporation of additional thiophene rings between the step-ladder subunits leads to a 25 nm red-shift of the absorption maximum for SL2 and a 28 nm red-shift for SL3, respectively. The bathochromic shift in SL2 when compared to copolymer SL1 reflects the lower band gap energy of (poly)thiophenes in comparison to (poly)phenylenes. However, a further increase of the length of the oligothiophene segment (when going from SL2 to SL3) causes only a minor additional change of the absorption characteristics. The room temperature photoluminescence (PL) emission spectra of the novel step-ladder copolymers again exhibit the highest energy PL for copolymer SL1, with a maximum at 562 nm and a vibronic side-band at 600 nm. The copolymers SL2 and SL3 show a slight red-shift of the PL maxima (7 and 9 nm, respectively) and slightly better resolved vibronic side-bands. As already discussed for the absorption spectra, also the PL spectra of the two copolymers with the elongated oligothiophene segments do not show significant differences. Therefore, it is expected that a further elongation of the oligothiophene segments will not lead to significant changes of the optical spectra. Upon lowering the temperature to 77 K the absorption spectra become more structured with well-resolved 0-1 and, in case of copolymer SL1, also 0-2 progressions. The solid-state absorption spectra of thin films of the copolymers display a Scheme 3. Synthesis of step-ladder copolymer SL4 in a microwave-assisted Stilletype cross-coupling reaction and subsequent polymer-analogous cyclization. noticeable broadening of the absorption band. The maxima of the PL solid-state emission spectra experience a slight hypsochromic shift of 10-12 nm for all copolymers when compared with low temperature data. This finding can be related to a more rigid structure at low temperature. The thin film PL spectra show only small bathochromic shifts when compared with the spectra in dilute solutions at room temperature (298 K). This implies that the copolymers in the solid state only show a low degree of interchain order. The amount of interchain order, leading to characteristic interchain p-interactions, is assumed to be responsible for the frequently observed red shifts of the optical spectra of conjugated polymers, especially oligothiophenes, in the solid state. The low intensity of the 0-0 PL transitions of the copolymers SL1, SL2, and SL3 in the solid state is likely to be caused by self-absorption effects. The UV-vis absorption spectrum of the 1,5-naphthylene-based step-ladder copolymer SL4 in toluene solution at room temperature shows an absorption maximum at 482 nm ( Fig. 3 and Table  3 ). Copolymer SL4 displays a more structured and narrower long wavelength absorption band when compared to copolymer SL1 with its significantly broadened absorption band. This result might be caused by an ongoing aggregation of the less soluble copolymer SL1 in toluene. Upon cooling to 77 K both absorption spectra become clearly structured and well-resolved 0-0, 0-1, and 0-2 transitions are visible. A distinct blue shift of 15 nm could be observed for copolymer SL4 in relation to copolymer SL1. This finding can be rationalized by an increase of the energy difference between the benzoid (ground state) and quinoid (excited state) resonance structures when switching from 1,4-phenylene to 1,5-naphthylene leading to an increased excitation energy for SL4. The thin films absorption spectra of the two copolymers display less structured and broad absorption bands. The PL emission spectrum of the 1,5-naphthylene-based copolymer SL4 in dilute toluene solution displays a similar spectral shape in relation to its 1,4-phenylene-based counterpart SL1 apart from the blue-shift of the emission maximum of SL4 of $30 nm. At lower temperature (77 K) again an improved resolution of the vibronic progressions due to an increased molecular order is observed. Copolymer SL4 shows well-resolved solid state PL emission bands with the 0-0 Figure 2 . Absorption and photoluminescence (PL) emission spectra of the copolymers SL1, SL2, and SL3 in dilute toluene solution at room temperature (A, 293 K), at low temperature (B, 77 K), and as thin films (C). The italicized wavelengths are the maxima with the highest intensity.
emission at 535 and its first vibronic progression at 572 nm. The 0-0 emission is significantly reduced due to self-absorption effects.
SYNTHESIS AND CHARACTERIZATION OF A MODEL COMPOUND
To gain a detailed insight into the molecular structure of the bridged bis(2-thienyl)benzene repeat units of the copolymers SL1, SL2, and SL3, synthesis and characterization of a related model compound was carried out. Scheme 4 depicts the synthesis of the dithienyl-substituted step-ladder thiophene-benzene-thiophene model compound. Diethyl 2,5-dibromoterephthalate 6 was reacted with 2.5 equiv. of 2,2 0 -bithio-phene-5-pinacol boronate 7 utilizing Pd(PPh 3 ) 4 as catalyst and K 2 CO 3 as base in a microwave assisted Suzuki-type cross-coupling reaction yielding the diketo compound 8 in 76% yield. 28 The intramolecular cyclization towards the model compound 10 was achieved by addition of methyl lithium and applying the BF 3 ÁEt 2 O-catalyzed ring closure reaction as described previously.
27 Figure 4 shows the UV-vis absorption spectrum of the open-chain precursor 9 as well as of the cyclized model compound 10 in dilute chloroform solution. The cyclization of 9-10 is accompanied by a distinct redshift of the optical spectra. The precursor 9 shows a featureless long-wavelength absorption band peaking at 389 nm, whereas upon ring-closure the absorption maximum is red-shifted to 424 nm. Furthermore, 10 displays a much steeper absorption edge and better resolved vibronic side-bands due to the increased rigidity of the molecule. The corresponding PL spectrum of 10 exhibits two well-resolved PL peaks for the 0-0 and 0-1 transitions at 475 and 502 nm, respectively, as well as a shoulder at 523 nm for the 0-2 transition. The molecular structure of model compound 10 was also investigated by X-ray single crystal analysis. Figure 5 shows the planarity of the p-conjugated core segment that is bridged by two sp 3 carbons. The four methyl side-groups are positioned orthogonal to the molecular plane. The attached thiophene substituents exhibit a slight out-of-plane twist of 20.05 relative to the planar core segment suggesting that the copolymers SL1, SL2, SL3, and SL4 should also exhibit a similar weak distortion of the individual segments. The relatively small distortion is similar to the situation in unsubstituted oligo(para-phenylene)s (distortion angle: $19
). 30 In contrast, a higher distortion The italicized wavelengths are the absorption and PL emission maxima with the highest intensity.
SERIES OF STEP-LADDER COPOLYMERS
angle is observed in regioregular poly(3-hexylthiophene) (P3HT, $30 ). 31, 32 The weak distortion in oligomer 10 and the corresponding copolymers SL1, SL2, SL3, and SL4 should allow a sufficient conjugative interaction along the oligomer and copolymer backbones. Within the unit cell of the model compound 10 some intermolecular p-interaction between the planarized oligomer molecules occurs (shortest distance between the molecular planes: 4.2 Å ). It can be concluded that the copolymers SL1, SL2, SL3, and SL4 should also allow some interchain p-p-interactions.
CONCLUSIONS
A series of thiophene-phenylene-thiophene and thiophene-naphthylene-thiophene-based stepladder copolymers with varying lengths of the oligothiophene segment has been synthesized in Stille-type cross-coupling reactions to give single-stranded precursor polymers followed by a polymer-analogous cyclization sequence. The increased energy difference between benzoid and quinoid resonance structures for the 1,5-naphthylene-based copolymer leads to a 15-30 nm blue shift of its absorption and emission spectra (both in dilute solution at different temperature and in the solid state). The optical spectra were recorded both in dilute solution at different temperatures and in the solid state and revealed a spectral red- shift of the absorption and emission maxima with increasing numbers of thiophene building blocks in the corresponding repeat unit. The planar structure of the step-ladder core segment was confirmed by X-ray single crystal analysis of a related model compound.
EXPERIMENTAL Materials and Characterization
Unless otherwise indicated, all reagents were obtained from commercial suppliers and were used without further purification. The solvents used were commercial p.a. quality. The reactions were carried out under argon with the use of standard and Schlenk techniques. The vials for the microwave-assisted reactions were filled in a glove box. C-NMR data were obtained on a Bruker ARX 400-spectrometer. The UV-vis and fluorescence spectra were recorded on a Jasco V-550 spectrophotometer and a Varian-Cary Eclipse photoluminescence spectrometer, respectively. Gel permeation chromatographic analysis (GPC) utilized PS-columns (two columns, 5 lm gel, pore widths mixed bed linear) connected with UV/vis and RI detection. All GPC analyses were performed on solutions of the polymers in THF at 30 C (concentration of the polymer: about 1.5 g/ L). The calibration was based on polystyrene standards with narrow molecular weight distribution. Microwave-assisted syntheses were performed using a CEM Discover microwave system. The monomers 1, 9 2, 33 3, 33 and 5 29 have been synthesized according to literature procedures.
0 -decyl-benzoyl)-2,5-dibromobenzene (2.0 g, 2.76 mmol), 2-(tributyl-stannyl)thiophene (2.36 g, 6.34 mmol), potassium fluoride (1.6 g, 27.6 mmol), and bis(triphenyl-phosphine)-palladium(II)chloride (194 mg, 10 mol %) were mixed in a Schlenk tube under argon atmosphere. THF (50 mL) was added and the reaction mixture was stirred for 2 days at 90 C. Afterwards the reaction mixture was extracted with a mixture of water and chloroform. The organic layer was extensively washed with water, dried with Na 2 SO 4 and the solvent was removed in vacuo. C. To this solution a mixture of NBS (0.61 g, 3.4 mmol, 2.5 eq) in DMF (25 mL) was added dropwise. The mixture was stirred at À20 C for 30 min, and then allowed to warm up to room temperature. The mixture was stirred for another 8 h at room temperature, and then poured onto ice and extracted with dichloromethane. The combined organic layers were dried over Na 2 SO 4 . Afterwards the solvents were removed in vacuo. The crude product was purified by column chromatography on silica (hexane/ ethyl acetate: 90/10 v:v) and recrystallized from ethanol. Yield: 700 mg. Step-Ladder Model Compound (10) A 40-fold excess of MeLi (7 mL, 11.2 mmol, 1.6M) was added to a solution of the previously synthesized diketone 8 (1.4 g, 0.2 mmol) in toluene (30 mL) at room temperature and stirred for 30 min. Afterwards THF (20 mL) was added and the mixture stirred for additional 12 h. The reaction was stopped with ethanol, chloroform (100 mL) added, and the solution washed with aqueous 2 N HCl and brine. The organic phase was dried over Na 2 SO 4 and the solvent removed in vacuo. The crude product was dissolved in dichloromethane (30 mL) and treated with an excess of boron trifluoride etherate (4 mL, 31.8 mmol). The solution was stirred for 3 h, and then a mixture of ethanol/water (2:1) added. The organic layer was diluted with chloroform and extracted several times with water. The organic phase was dried over Na 2 SO 4 and the solvent removed in vacuo. The residue was purified by column chromatography on silica (Hex/EA:80/20 v:v) and recrystallized from ethanol. Yield: 78%. (15), 10 equiv. of potassium fluoride, and 10 mol % PdCl 2 (dppf) were mixed in a sealed 10 mL vial under glove box conditions. Dry toluene (2 mL) and dry DMF (1 mL) were added and the solutions irradiated with microwaves (300 W, 110 C) for 15 min. The reaction mixture was diluted with chloroform and washed with aqueous 2 N HCl, saturated aqueous NaHCO 3 and NaEDTA solutions and brine. The organic phase was dried over Na 2 SO 4 and the solvent removed in vacuo. The residue was dissolved in chloroform, reprecipitated into methanol, filtered, and dried.
Synthesis of Polyketone PK1
Yield: 44%. GPC (vs. polystyrene standards in THF) M n ¼ 10,400 g/mol, M w /M n ¼ 2.8. 
Synthesis of Polyketone PK4
The herein utilized method was slightly modified with respect to the general procedure: 1,5-dibromo-2,5-bis(4-tert-butyl-benzoyl)naphthalene (100 mg, 0.16 mmol), 5,5 0 -bis(trimethylstannyl)-2,2 0 -bithiophene (81.1 mg, 0.16 mmol), potassium fluoride (95.8 mg, 1.6 mmol), and 1,1-bis(diphenylphosphino)ferrocene-dichloropalladium(II) (12.1 mg, 10 mol %) were transferred into a 10 mL microwave vial. Afterwards the microwave vial was sealed, evacuated, and flushed with argon. Toluene (2 mL) and 1 mL of DMF were added via a syringe and the mixture irradiated with microwaves (300 W, 120 C) for 12 min until black palladium metal precipitated out. The mixture was filtered to remove the metallic palladium, diluted with chloroform, and washed with aqueous 2 N HCl, saturated aqueous NaHCO 3 and NaEDTA solutions and brine. The organic phase was dried over Na 2 SO 4 and the solvent removed in vacuo. The residue was dissolved in chloroform, reprecipitated into methanol, filtered and dried. Yield: 49%. GPC (vs. polystyrene standards in THF) M n ¼ 12,800 g/mol, M w /M n ¼ 2.4. 
General Procedure for the Cyclization Sequence
A 40-fold excess of MeLi (3.5 mL, 5.6 mmol, 1.6 M) was added at room temperature to a solution of the previously synthesized diketo polymer (0.1 mmol) in toluene (30 mL) and stirred for 30 min. Afterwards THF (20 mL) was added and the mixture stirred at room temperature for additional 12 h. The reaction was quenched with ethanol, chloroform added, and the solution was washed with aqueous 2 N HCl and brine. The organic phase was dried over Na 2 SO 4 and the solvent removed in vacuo. The crude product was dissolved in dichloromethane (30 mL) and treated with an excess of borontrifluoride etherate (2 mL, 15.9 mmol). The solution was stirred for 3 h and then a mixture of ethanol/water (2:1) was added. The organic layer was diluted with chloroform and extracted several times with water. The organic phase was dried over Na 2 SO 4 and the solvent removed in vacuo. The residue was dissolved in chloroform and precipitated into methanol to give the cyclized step-ladder copolymers.
Synthesis of the Step-Ladder Copolymer SL1
Yield: 76%. GPC (vs. polystyrene standards in THF) M n ¼ 12,000 g/mol, M w /M n ¼ 2.0. 
